OBJECTIVE: To measure the relationship of skinfold sum and peak VO 2 power with immune function in children. DESIGN: Cross-sectional, with all children tested twice during a 2 month period for peak VO 2 , sum of two skinfolds, and immune function, with data from the two measures averaged and then correlated (a level, 0.01). Immune measures included leukocyte and lymphocyte subset counts, delayed-typed hypersensitivity (DTH), global IgG antibody response over 4 weeks to pneumococcal vaccination (pIgG), salivary IgA concentration (sIgA), PHA-stimulated lymphocyte proliferation (PHA-SLP), natural killer cell activity (NKCA), and granulocyte and monocyte phagocytosis and oxidative burst activity. SUBJECTS: Seventy-three children (n ¼ 42 males, n ¼ 31 females) ranging in age from 7 to 13 y (mean AE s.d. age, 9.9 AE 1.7 y). The mean skinfold sum was 28.9 AE 17.1 mm, and peak VO 2 45.8 AE 8.1 ml=kg=min. RESULTS: Peak VO 2 , skinfold sum, and immune measures did not differ significantly by age or gender. Therefore, correlations were made on combined indices for all subjects. Peak VO 2 and the skinfold sum were not significantly correlated with NKCA, oxidative burst activity, plgG or DTH. Peak VO 2 was negatively correlated with monocyte phagocytosis (r ¼ 70.30, P ¼ 0.012) and positively correlated with PHA-SLP (6.25 mg=ml; r ¼ 0.35, P ¼ 0.004). The skinfold sum was positively correlated with the total leukocyte count (r ¼ 0.39, P < 0.001), granulocyte count (r ¼ 0.36, P ¼ 0.002), monocyte count (r ¼ 0.38, P ¼ 0.001), monocyte phagocytosis (r ¼ 0.41, P < 0.001), granulocyte phagocytosis (r ¼ 0.35, P ¼ 0.003), and sIgA (r ¼ 0.32, P ¼ 0.006), and negatively correlated with PHA-SLP (6.25 mg=ml; r ¼ 70.39, P ¼ 0.001). CONCLUSIONS: Data from this study indicate that a high skinfold sum is related to elevated leukocyte subset counts and monocyte=granulocyte phagocytosis, and low PHA-SLP in children.
Introduction
Clinical and epidemiological data indicate that the incidence and severity of specific types of infectious illnesses are higher in obese compared to lean children and adults. 1 -4 Although these data suggest impaired immunosurveillance among obese humans, only a small number of studies have compared immune function in obese and nonobese individuals, and results have been inconsistent. 1,5 -9 Obesity in adults has been associated with a poor antibody response to hepatitis B plasma vaccine, 10, 11 impaired mitogen-stimulated lymphocyte proliferation (a test for T and B cell function), 5, 6 a decreased delayed-type hypersensitivity (DTH) skin response, 6 and a lower bactericidal capacity of neutrophils. 7 We have previously shown that adult obesity is related to higher blood levels of total leukocytes, neutrophils, and monocytes, 8, 9 which have been identified as independent risk factors for cardiovascular disease and cancer, 13 -16 Additionally, we have linked obesity in adults to suppressed mitogen-included lymphocyte proliferation, higher monocyte and granulocyte phagocytosis and oxidative burst activity, and normal natural killer cell activity. 9 A clear picture of the influence of obesity on human immunity has not yet emerged, however, and findings to date must be regarded as preliminary. 1 Few attempts have been made to study the influence of obesity on immune function in children. Although two earlier reports suggested altered immune function in obese children, this has not been confirmed using modem techniques on a wide variety of immune function measures in a large group of children. 16, 17 In one of these studies, 40 morbidly obese youths aged 9 -17 y showed a slight reduction of percentage of lymphocytes as T-helper cells and the CD4=CD8 ratio compared to nonobese controls, but no measures of immune function were included. 17 Another cross-sectional study of 56 obese and nonobese youths suggested that obesity was related to normal granulocyte phagocytosis but impaired killing capacity, and a lower mitogen-stimulated proliferative response. 6 Resting immune function in aerobically fit and unfit individuals has been shown to be more similar than dissimilar except for elevated natural killer cell activity in elite endurance athletes. 18, 19 Limited information exists on whether or not aerobic fitness is related to immune function in children, and reports thus far have compared small numbers of young athletes and nonathletes. 20,21. The purpose of this study was to relate immune function to body composition and peak VO 2 in a heterogenous group of children. To reduce the effect of test-to-test variability, two measures of a comprehensive array of immune function assays were made during a 2 month period and averaged. The delayed-type hypersensitivity skin response and the specific antibody response to pneumococcal vaccination were included in the battery of tests to provide two in vivo global measures of immunity.
Methods
Subjects and research design Seventy-three children (42 boys and 31 girls) ranging in age from 7 to 13 y, and in body mass index from 13 to 36 kg=m 2 , were recruited from local elementary schools and home school programs. Inducements included subject stipends and free results of fitness, body composition and immune function tests. Informed consent was voluntarily signed by the parents of the children after receiving both written and oral explanations of the study in accordance with guidelines from the Institutional Review Board for Human Studies. Parents attended all testing sessions. Children were tested for skinfold thicknesses, aerobic power, and immune function in January of the year 2000, and then again 2 months later. These test data were averaged, and immune function correlated with peak VO 2 , body mass index, and the sum of two skinfolds.
Blood and saliva collection
Children and parents reported to the testing facility between the hours of 7:30 and 9:30 am having avoided energy intake for the previous 9 h, A 4 min timed saliva sample was first collected followed by a blood sample drawn by trained pediatric phlebotomists. A delayed-type hypersensitivity skin test was administered using the Mantoux method with three antigens. Each subject reported back to the testing laboratory 2 days later for a 48 h measure of skin induration. One month later, subjects returned to the testing laboratory, and were given a pneumococcal vaccination by medical personnel. At the end of the 2 month period, saliva and blood samples were again collected, and the DTH skin test re-administered.
Measurement of skinfold thickness and aerobic power Triceps and subscapular skinfolds were measured in each child and summed using the procedures of Lohman. 22 The skinfolds were measured by one trained technician using a Lange skinfold caliper (Cambridge Scientific Industries, Cambridge, MA, USA).
Oxygen uptake, ventilation and respiratory exchange ratio were measured during a graded maximal treadmill test adapted for children using the MedGraphics CPX metabolic system (MedGraphics Corporation, St Paul, MN, USA. 23 Analyzers were calibrated using gases provided by the MedGraphics Corporation. The calibration gas contained 5% CO 2 . 12% O 2 , and balance N 2 , and the reference gas contained 21% O 2 and balance N 2 . The standard specification of error for the reference and calibration gas was AE 0.10%. Heart rate was measured using chest monitors (Polar Electro Inc., Woodbury, NY, USA). The highest volume of oxygen consumed was described as peak VO 2 providing the subject could no longer continue running on the treadmill without assistance and had a respiratory exchange ratio of ! 1.0 or a maximal heart rate ! 195 beats per minute. 23 Immune assay measurements All blood samples were obtained from an antecubital vein from the children while in the supine position after having rested for more than 15 min. Routine complete blood counts were performed by a clinical hematology laboratory (Lab Corp, Burlington, NC, USA), and provided leukocyte subset counts.
Lymphocyte subsets. The proportions of T cells (CD3
were determined in whole blood preparations and absolute numbers calculated using CBC data to allow group comparisons on blood concentrations of cells. Lymphocyte phenotyping was accomplished by two-color fluorescent labeling of cell surface antigens with mouse anti-human monoclonal antibodies conjugated to fluoresceinisothiocyanate (FITC) and phycoerythrin (PE) using Simultest monoclonal antibodies and isotype controls (Becton Dickinson, San Jose, CA, USA). For immunophenotyping, 50 ml aliquots of heparinized whole blood from each sample were added to five wells of a 96-well plate. Five micrograms (diluted in 50 ml RPMI) of each antibody or isotype control were added to appropriate Immune function in children DC Nieman et al wells for 20 min on ice in the dark with orbital shaking (170 rpm). The cell suspension was then lysed using 200 ml FACSlyse solution (Becton Dickinson) for 10 min in the dark on ice with shaking. Plates were then centrifuged for five minutes (Beckman GS-R6 Centrifuge) at 1500 g. Samples were kept at in the dark until analyzed by flow cytometry (FacsCalibur, Becton Dickinson).
Natural killer cell activity (NKCA). NKCA was assessed using the chromium release assay. 9, 24 Peripheral blood mononuclear cells were isolated from heparinized blood by density gradient centrifugation with Ficoll and sodium diatrivoate (American Red Cross, Washington, DC, USA). 51 Chromium labeled K562 target cells were then added ( 1Â10 4 ) to each of the wells containing effector cells to yield 40:1, 20:1, 10:1 and 5:1 effector to target (E:T) ratios. The assay was performed in triplicate in 'V' bottom microtiter plates (Costar, Cambridge, MA, USA). The microtiter plates were then incubated for 4 h at 37 C in a 5% CO 2 incubator. At the end of the incubation, the plates were centrifuged for 5 min at 1500 rpm, the supernatants harvested onto Skatron harvesting frames (Skatron, Sterling, VA, USA), and the level of radioactivity measured in a Packard Tri Carb Liquid Scintillation Analyzer model 2500 TR series (Packard Instruments Company, Meriden, CT, USA). Total release of 51 Cr was determined by counting an equal aliquot of resuspended cells in 100 ml of 1% triton-X (Sigma, St Louis, MO). Spontaneous release was determined by counting the radioactivity in the supernatant of labeled target cells cultured in medium alone. The percentage lysis was calculated using the mean counts per minute (cpm) of triplicate values for each E:T ratio and the following formula: %lysis ¼ cpm ðtestÞ À cpm ðspontaneousÞ cpm ðtotalÞ À cpm ðspontaneousÞ Â 100
Results were then normalized by conversion to lytic units, calculated as the number of effector cells required to lyse 20% of 5000 target cells, and reported as the number of lytic units contained in 10 7 cells.
25
PHA-induced lymphocyte proliferation. The mitogenic response of lymphocytes was determined in whole blood culture using phytohemagglutinin (PHA) at optimal and suboptimal doses previously determined by titration experiments. 9 Heparinized venous blood was diluted 1:10 with complete media (RPMI 1640 supplemented with 10% heatinactivated fetal calf serum, penicillin, streptomycin, L-glutamine and 2-mercaptoethanol). PHA was prepared in RPMI 1640 media, at a concentration of 1 mg=ml, and then further diluted with complete media to the working concentrations (3.13, 6.25 and 25 mg=ml). A 100 ml aliquot of diluted blood was dispensed into each of triplicate wells of a 96-well flatbottom microtiter plate. To each of these was added 100 ml of the mitogen at the appropriate dose. Control wells received complete media instead of mitogen. After 72 h incubation at 37 C, the cells were pulsed with 1 mCi of thymidine (methyl)-3 H (New England Nuclear, Boston, MA, USA) prepared with RPMI 1640. After pulsing, cells were incubated for an additional 4 h before harvesting. Samples were harvested using a Filtermate Cell Harvester (Packard Instruments, Meridien, CT, USA) onto 96-well Unifilter GF=C plates (Packard). A small amount (25 ml) of scintillation fluid (Microscint 20, Packard) was added to each well and 11 radionucleotide incorporation was assessed on a Topcount Microscintillation Counter (Packard). Background counts from control wells were subtracted from the mitogen-induced counts.
Neutrophil phagocytosis and oxidative burst activity. The phagocytosis assay utilized a FITC-labeled bacteria (Staphylococcus aureus; Molecular Probes, Eugene, OR, USA) to quantify the degree of phagocytosis by granulocytes and monocytes, as described in a previous publication. 9 Briefly, to determine the extent of oxidative burst exhibited by granulocytes and monocytes, we employed 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (DCF-DA; Molecular Probes), a non-fluorescent molecule which is oxidized to green fluorescent dichlorofluorescein (DCF) as oxygen radicals are generated in the oxidative burst to kill unlabeled Staphylococcus aureus. The white blood cell count was acquired using the Becton Dickinson Unopet manual counting protocol. Using two-color flow cytometric immunophenotying (CD45-FITC=CD13,14-PE), the monocyte and granulocyte percentages were determined. Bioparticle reagents of unlabeled and labeled Staphylococcus aureus were suspended into PBS at a working concentration of 3Â10 5 bioparticles=ml. After determining the number of phagocytic cells in 100 ml of whole blood, and adding 15 FITC-labeled bacteria per cell, the mean channel fluorescence (FITC) was analyzed to determine the degree of engulfed bacteria (nonphagocytized bacteria were quenched with ethidium bromide; final concentration of 200 mM). To determine the oxidative burst activities, either DCF-DA (final concentration, 100 mM, basal activity level), or DCF-DA and unlabeled bacteria (stimulated activity level) were added to 100 ml whole blood. After incubating the samples for 60 min (37 C) in the dark, lysing the RBC, centrifuging and resuspending the pellets, the samples were acquired on the flow cytometer. For each sample, 10 000 phagocytes (monocytes and granulocytes) were acquired. Monocyte and granulocyte populations were analyzed individually for the extent of their phagocytosis and oxidative burst.
Salilvary IgA. Unstimulated saliva was collected for 4 min into 5 ml plastic, sterilized vials. Participants were urged to pass as much saliva as possible into the vials during the 4 min timed session. Saliva volume was measured to the nearest 0.1 ml, and then frozen at 780 C until analysis. Saliva total protein was quantified using the angle to a depth of 1 -2 mm, and 0.1 ml of antigen injected until a 5 mm pea-sized bleb was produced. After 48 h subjects returned to the laboratory, and the DTH response at each test site measured. The extent of the induration response was palpated at the reaction area (manifested as firmness and redness), outlined with a black-ink ballpoint pen, and then removed with scotch tape prior to mounting on the skin test record form. The tape impress was measured across two diameters and averaged.
Pneumoccocal vaccination and IgG antibody response. Plasma samples were collected 1 month before and 1 month after the children were administered a single 0.5 ml dose of Pneuomovax 23 intramuscularly (deltoid muscle; Merck & Co. Inc., West Point, PA, USA). 27 The plasma samples were assayed for specific IgG antibodies against pneumococcal capsular polysaccharide (PCP; BINDAZYME TM Anti-PCP IgG Enzyme Immunoassay kit, MK012, The Binding Site Ltd, Birmingham, UK). The measuring range of the assay for anti-PCP IgG antibodies levels is 3.3 -270 mg=l, with an intra-assay precision of 3.1 -5.9%CV and an analytical sensitivity of 0.62 mg=l.
Statistical methods
Data are reported as mean AE s.d. The linear relationships between peak VO 2 , body mass index, and the sum of two skinfolds with immune measures were tested using Pearson product -moment correlation coefficients (a level, 0.01). Subjects were divided into nonobese and obese groups, and male and female groups, with immune function compared between the groups using Student's t-tests. Obesity was defined as having a body mass index at or above the 85th percentile using the Centers for Disease Control growth charts. 28 
Results
Subject characteristics for the 73 children are summarized in Table 1 . Peak VO 2 , skinfold sum and immune measures did not differ significantly by age or gender. Therefore, correlations were made on combined indices for all subjects. Of the 73 children, 20 (27%) were classified as obese ( ! 85th percentile for body mass index). 28 Mean peak VO 2 , values for all subjects combined were similar to those reported for children in other studies. 29 Correlation coefficients of peak VO 2 and the sum of two skinfolds with leukocyte and lymphocyte subsets are shown in Table 2 . Peak VO 2 was negatively correlated with most leukocyte and lymphocyte subsets, but P-values (0.034 -0.157) were above the a-level selected for this study. The sum of two skinfolds was positively correlated with blood counts for total leukocytes (Figure 1 ), total granulocytes, monocytes, and B lymphocytes. Body mass index was also positively correlated with blood counts for leukocyte subsets, with nearly identical correlation coefficients to those of the sum of two skinfolds (data not shown).
The sum of two skinfolds and peak VO 2 were not significantly correlated with NKCA, monocyte and granulocyte oxidative burst activity, global pneumococcal IgG concentration (mean increase one month after vaccination), or DTH (Table 3) . Peak VO 2 was negatively correlated with monocyte phagocytosis and positively correlated with PHA-stimulated lymphocyte proliferation (range in P-values of 0.037 -0.004 across the three mitogen concentrations). The sum of two Immune function in children DC Nieman et al skinfolds was positively correlated with monocyte ( Figure 2 ) and granulocyte phagocytosis and salivary IgA concentration, and negatively correlated with PHA-stimulated lymphocyte proliferation (range in P-values of 0.051 -0.001 across the three mitogen concentrations; Figure 3) . Comparisons between the 20 obese and 53 nonobese children revealed significant differences that generally upheld the correlation coefficient data, with significantly higher leukocyte and monocyte blood cell counts and granulocyte phagocytosis, and lower PHA-stimulated lymphocyte proliferation in the obese children (data not shown). One exception was that the DTH skin response was significantly higher in the obese compared to nonobese children (23.5 AE 8.0 and 16.8 AE 7.7 mm, respectively, P ¼ 0.004).
Discussion
This is the first study to relate a comprehensive battery of immune function measures to body mass index, sum of two skinfolds and aerobic fitness in children. All measurements were conducted in duplicate during a 2-month period and averaged to reduce the imprecision introduced by single tests. Peak VO 2 had little relationship to immune function in children except for a negative correlation with monocyte Figure 1 Scatterplot showing the relationship between the sum of two skinfolds (mm) and the total leukocyte count (10 9 =l) in 73 children. Data represent the mean of two tests taken two months apart; r ¼ 0.39; P < 0.001. Line represents linear best fit for the data. Immune function in children DC Nieman et al phagocytosis and PHA-stimulated lymphocyte proliferation, but body mass index and the sum of two skinfolds was positively correlated with blood leukocyte subset counts, monocyte and granulocyte phagocytosis and salivary IgA concentration, and negatively correlated with PHA-stimulated lymphocyte proliferation. The DTH skin response was significantly greater in obese compared to nonobese children. These findings are remarkably similar to an earlier study we conducted on 116 obese (age, 44.3 AE 9.7 y, body mass index, 33.2 AE 6.5 kg=m 2 ) and 41 nonobese women (age, 42.2 AE 10.9 y, body mass index, 21.2 AE 1.9 kg=m 2 ). 9 Data from this study indicated that obesity was related to elevated leukocyte and lymphocyte subset counts (except for natural killer and T cytotoxic=suppressor cells), suppressed mitogeninduced lymphocyte proliferation, higher monocyte and granulocyte phagocytosis and oxidative burst activity, and normal natural killer cell activity. These data support the contention that obesity is associated with alterations in immune function in adults. 1 Data from the present study suggest that many of these obesity-related variations in immunity occur early in life. 6, 17 Our finding that leukocyte subset counts are positively correlated with body composition in both children and adults is consistent with epidemiological data showing a significant correlation between body mass index and total blood leukocytes counts. 8, 9, 30, 31 A high total leukocyte count has emerged as an independent risk factor for cardiovascular disease, and has been linked to coagulation factors, measures of glucose metabolism, and triglycerides. 12 -16 Visser et al 32 using data from the third National Health and Nutrition Examination Survey, reported that overweight children were more likely to have elevated total leukocyte counts and Creactive protein concentration, suggesting a state of lowgrade systemic inflammation. Liu et al 33 have shown that among obese children, a high blood leukocyte count is an independent risk indicator of an elevated ratio of low to high density lipoprotein cholesterol.
Total blood leukocyte, granulocyte, monocyte counts, and inflammatory measures are plausible biomarkers of active atherogenesis and other oxidative damage at the tissue level. 12 -16,34 Mechanisms by which leukocytes may promote atherosclerosis and thrombosis include chronic infection and inflammation., increased viscosity, pressuredependent plugging of microvessels, rheologic properties such as reduced deformability, and oxidative damage. 13 Our data showing that granulocyte and monocyte phagocytosis was elevated in both obesity children and adults indicate that this immune measure is another potential biomarker for active atherogenesis. 9 Activated neutrophils release potentially damaging substances such as free radicals and proteolytic enzymes that promote atherosclerosis. 12 -16, Few studies have compared granulocyte and monocyte phagocytosis and oxidative burst activity in obese and nonobese subjects.
6,7 Chandra and Kutty 6 compared 28 obese and 28 nonobese youth, and reported that obesity was related to normal granulocyte phagocytosis but impaired killing capacity, in contrast to our findings using an entirely different assay.
Mitogen-induced lymphocyte proliferation (whole blood assay) was negatively correlated with body mass index and the sum of two skinfoids, and tended to be positively related to peak VO 2 , similar to our previous findings comparing obese and nonobese adu1ts. 36, 37 Aerobic fitness has also been related to mitogen-induced lymphocyte proliferation in older adults. 36, 37 Chandra and Kutty 6 reported a significantly lower mitogen-stimulated proliferative response in obese vs nonobese children and adolescents, and two other studies have shown that obesity is a risk factor for reduced mitogen-induced lymphocyte proliferation among adult men and women. 5, 38 Thus a consistent finding across several studies is that mitogen-induced lymphocyte proliferation (a measure of T and B cell functionl) is lower in obese compared to nonobese children and adults.
We employed two in vivo measures of immune function: the DTH skin response and the antibody response to pneumococcal vaccination. The DTH skin response was higher in our obese compared to nonobese children. This is in contrast to the findings of Chandra and Kutty 6 who reported a markedly lower response in obese versus nonobese children and adolescents. Stallone et al 39 showed that the DTH skin response decreased in obese women during a weight loss program and was strongly correlated with the extent of weight loss. Children with a large body mass index have been reported to have an heightened induration response to the tuberculin skin test which may be related to the size of skinfold thicknesses. 40 The relationship between obesity and the DTH skin response warrants further research to clear up these contrasting results. The children experienced a strong increase in anti-PCP JgG antibodies following pneumococcal vaccination, but this was unrelated to body composition or peak VO 2 . Previous reports have shown that obese Immune function in children DC Nieman et al preadolescents and adults have an impaired antibody response to hepatitis B vaccination, but our data indicate that these findings cannot be extended to pneumococcal vaccination. 10, 11 We are unaware of other published studies relating NKCA and salivary IgA concentration to body composition or aerobic fitness in children. NKCA tends to be elevated in elite endurance athletes compared to nonathletes. but is not altered after 12 -15 weeks of moderate exercise training. 18, 19, 36 Few reports exist comparing natural killer cell activity in obese and nonobese adults, and none in children. Moriguchi et al 38 showed that obesity was related to reduced NKCA in older men and women. In the present study, NKCA was unrelated to body composition or aerobic fitness, similar to our previous study of obese and nonobese adults. 9 Salivary IgA concentration was positively correlated with the sum of two skinfolds in our children, but not when expressed as a ratio with total protein or as a secretion rate, reducing the significance of this finding.
In summary, this cross-sectional study of 73 children varying widely in body mass index, sum of two skinfolds, and peak VO 2 showed that blood leukocyte subset counts, and monocyte=granulocyte phagocytosis tended to be higher with increase in body mass index and 16 skinfold thicknesses. These immune measures have been related to atherogenesis, and we have now demonstrated that they are more prevalent in obese children and adu1ts. 8, 9 We have also shown that PHA-stimulated lymphocyte proliferation is lower in obese compared to nonobese children and adults, with no group differences in the function of natural killer cells. The clinical implications of these findings are not yet known, especially for the obese children in this study who had normal or above normal in vivo measures of global immunity.
